We demonstrate a facile and scalable technique, rotational freezing, to produce porous tubular ceramic supports with radially aligned porosity. The method is based on a conventional ice-templating process in a rotatory mold and demonstrated here with yttria-stabilized zirconia (YSZ). We investigated the effects of solid loading, freezing temperature, and volume of the slurry on the microstructure, strength (o-ring test and four-point bending), and air permeability. The results show that pore volume and pore size can be controlled by the solid loading and freezing temperature respectively, and overall tube thickness can be adjusted by the volume of slurry initially poured into the mold. Decreasing pore size and pore volume increases the mechanical properties but decreases the air permeability. These tubes could be particularly interesting as tubular membrane supports such as oxygen transport membranes.
transport membranes) [1] [2] [3] [4] , solid-liquid filtration [5] [6] , and gas separation [7] . These membranes usually have an asymmetric configuration where a membrane layer is deposited on top of a porous substrate. The membrane layer provides the selectivity required for the process, while the porous support provides the mechanical stability. Besides strength, porous supports must also exhibit a high permeability to facilitate the evacuation of the fluid and thus minimize detrimental effects such as concentration polarization or exaggerated pressure gradients that compromise the overall performance of the membrane [8] .
Typically, tubular porous substrates are prepared by extrusion [9] [10], slip casting [11] , centrifugal casting [12] , or isostatic pressing [13] . However, these techniques rely on increasing the total pore volume and pore size to achieve the required permeability at the expense of mechanical properties. Therefore, it is necessary to explore other strategies such as an optimized pore shape or reduced tortuosity to simultaneously improve permeability and strength.
Nowadays, the method to obtain unidirectional macroporous materials most conventionally used is extrusion. However due to technical limitations is not possible to produce materials with a high pore volume content (>50%) and reduce the pore size below 100 µm [14] . On the other hand, direct replication of wood has successfully been demonstrated as a feasible technique, although the large number of steps and the microstructural variability among samples remain as important drawbacks to overcome. Alternatively, in the last decade ice-templating (or freeze-casting) has emerged as a popular shaping route to produce macroporous materials with a tailored pore morphology and aligned porosity. The technique is based on the freezing of a colloidal suspension and the segregation of ceramic particles between the crystals. Afterwards, the solvent crystals are removed by sublimation and the green body is sintered to consolidate the structure. The final porosity is thus a direct replica of the solvent crystals [15] .
The mechanical and gas flow properties of ice-templated monoliths have been extensively evaluated [16] [24] . However the literature on ice-templated tubes is scarce. Moon et al. [25] used an external metallic mold with a central PTFE rod to induce the thermal gradient required to align the porosity. They studied the effect of solids loading and freezing temperature on the microstructure and the feasibility of depositing an external dense layer. Liu et al. [26] used a similar set-up to evaluate the impact of solids loading, pore size, and particle size on compressive strength, nitrogen flux, and water flux. However, the difficulties demolding the tubes after solidification is drawback of this set-up that limits further industrial development. Moon et al. [27] overcomes this issue combining ice-templating with co-extrusion, however the resultant porosity is not radially aligned.
In this work, we propose a novel method based on a rotational freezing to produce ice-templated tubes. We investigate the impact of pore volume, size, and tube thickness on mechanical properties using an o-ring test and four-point bending. Furthermore, we studied the effect of the same morphological parameters on permeability to assess the applicability of these materials as a membrane supports.
Experimental procedure
total solids loading of the slurry. After a first mixing step with a magnetic stirrer, the slurry was ball milled at 800 rpm for a minimum of 18 h to ensure a good homogenization. Afterwards, it was deaired during 10 minutes and poured in a tubular cooper mold. 
Sample characterization
Micrographs of the ice-templated tubes were taken with a scanning electron microscope (Nova NanoSEM 230, FEI, Hillsboro, USA) at 10-15 kV. Total pore volume P(%) was calculated based on the relative density measured geometrically with respect to that of fully dense TZ-3YS (ρ ysz = 5.8 gcm The maximum stress (σ max ) at the middle point between the two inner supports was calculated based on the approximation proposed by Kwok et al. [28] . Tests were considered invalid when the crack propagated outside the inner supports. When the test crack pattern resulted in a successful test, the maximum stress was calculated by:
where P is the maximum load, a is the distance between the load and the support, y c is the distance between the middle point and the centroid of the specimen cross section along the radial direction, and I is the second moment of inertia of the cross section. For a semi-circular annulus, y c and I are expressed as:
where R and R int are the external and internal radius respectively.
2. Eight tubes were sliced in the radial direction with a slow-speed saw leaving specimens with an external diameter (D ext ) = 10 mm, height (h) = 4 mm, and ring thickness (t) ≈ 2 mm. Tests were performed with a piece of alumina supporting the samples to avoid the rotation and distribute evenly the load through the surface.
The maximum stress (σ max ) is located on the inner diameter of the ring and was determined by:
where P is the maximum load, t the tube thickness, h the width of the ring, and r a the average radius (r ext − r int )/2.
Gas permeability was evaluated using custom built equipment to measure the air pressure drop across the tubes. A preliminary test was performed to assess the tightness of the system. Synthetic air was passed through the tubular samples which were held by a silicon ring. The specimens exhibited one closed side, 120 mm length (L), and 10 mm external diameter (D ext ). The air flow studied ranged between 0-25000 ml/min (0-0.25 m/s) and was controlled by an electrovalve.
Two sensors were placed before and after the tube to record the inlet (P i ) and outlet pressure (P o ). Fig. 1 schematically depicts the process that occurs during the rotational freezing. First, the tube rotation spreads the slurry evenly across the inner surface of the mold. Then, the freezing oil is pumped into the container and the slurry in contact with the mold solidifies almost instantly. The freezing rate at this initial stage is very high due to the high heat transfer between the copper mold and the slurry. Afterwards, the velocity of the solidification front undergoes an abrupt decrease, until it reaches a steady rate.
Results and discussion

Microstructure control
The ice-templated tubes exhibited two different pore morphologies, random (area in contact with the copper mold) and lamellar porosity, similarly to that reported in unidirectional frozen ice-templated monoliths [29] . The external layer with random porosity is generated when the velocity of the solidification front is too high for the ice crystals to grow with a preferential orientation and thus they are not able to rearrange the ceramic particles ( Fig. 2-A) . When steady state is reached, the ice crystals grow continuously along the thermal gradient (i.e. in this case the radial direction) and the pore morphology becomes lamellar ( Fig.   2-B) . Due to the constant rotation of the system, the remaining liquid remains in contact with the frozen part and provides the slurry required to continue with the ice-templating process until the tube is entirely solidified. Fig . 3 shows the effect of solid loading on total pore volume. Increasing the solid loading causes a variation in the ceramic particles-water ratio and therefore an increase in the relative density. The total pore volume of the ice-templated tubes ranged between 53% and 73% for a variation in solid loading from 65% to 50%.
The dashed line in Fig. 3 represents the relationship between solid loading and porosity obtained in a previous work for ice-templated YSZ monoliths [17] . The good match between the monolithic samples and the tubular samples shows that total pore volume is independent of the mold used and mainly determined by solid loading. Since the pore volume measurements were taken at different locations along the tube, it also indicates that the pore volume is homogeneously distributed along the length of the tube. During ice-templating, pore size can be controlled by the freezing temperature and solids loading. Table 1 shows how, for a given solids loading, samples frozen at -80
• C systematically exhibited a smaller pore size compared to their counterparts frozen at -30
• . At lower freezing temperatures, the temperature gradient and the velocity of the freezing front increase, which result in smaller ice crystals and creates thus a finer microstructure [30] . Furthermore, solids loading also affects the pore size. This phenomena is caused by the thicker walls created when the solid loading increases hindering the ice crystal growth. Table 1 : Summary of the effect of solids loading and freezing temperature on porosity, mean pore size (dp), and radial crushing strength (σ ORing ). dp was obtained by mercury intrusion porosimetry. • C. In both cases, the fracture behavior is described by an initial linear stage followed by two consecutive load drops. When the ring is subjected to a diametrical compression i.e. like in the o-ring test, the maximum tensile stresses are located on the intersection between the inner diameter and the loading plane [31] . This load corresponds to the first peak in the load-displacement curve and was used to describe the strength of the rings. The second peak corresponds to the fracture of the two remaining "half rings", originated by the tension developed on the outer periphery. Both types of cracks can be observed in Fig.   5 -B. However, the trend obtained in this study seemingly contradicts this observation. The explanation for this behavior could rely on the large scattering of the strength data that makes it difficult to conclude whether this effect is seen here or not.
Mechanical properties
O-Ring test
There are two contributions to the scattering of strength values: the probabilistic nature of the strength in ceramics [33] , and small, local variations of the tube thickness, as observed in Fig. 7 -B. Such geometrical imperfections induce an asymmetry in the stress field that have a deleterious effect on the strength [34] , and in this case may hide the pore size effect. 
Four-point bending
We modified the solid loading, freezing temperature, and volume of the slurry initially poured into the mold to obtain ice-templated tubes with different pore volume, pore size, and thickness respectively. Fig. 8 shows the effect of each parameter on the flexural strength. In all conditions, when the solid loading increases the total pore volume of the sample decreases, causing an increase in strength. Unlike in the diametrical compression, in four-point bending we did observe an increase of strength with pore size reduction ( Fig. 8-A) . We attributed this effect to the increasing amount of ceramic struts between the adjacent walls observed at lower freezing temperatures [35] that reinforce the structure. When the half ice-templated tube is bent, the external midpoint is subjected to tensile forces. Since the porosity is perpendicular to the tensile forces, the strength of the tube is mainly determined by the resistance of the structure to opening the pores.
On the other hand, it is more difficult to discern the effect of tube thickness on flexural strength (Fig. 8-Bb) . As discussed above, the strength data are too scattered to drawn any conclusion due to local imperfections of the tubes geometry.
Permeability
Tubes obtained with different solids loading, freezing temperature, and volume of slurry poured into the mold were tested to evaluate the independent impact of pore volume, pore size, and tube thickness respectively on permeability, Fig.   9 .
In all conditions, pressure drop (∆P ) exhibits a linear dependence with air velocity (ν s ). A similar behavior was observed in a previous work [22] with icetemplated YSZ monoliths in the same pore volume and pore size range. Therefore, permeability can be calculated from their slopes according to the Darcy's law (Eq. 5) instead of the Forchheimer equation [36] .
L is defined as the thickness of the tube, µ the viscosity of the fluid (in this case air at 25
• C), ∆P is the pressure drop, ν s the fluid velocity (air flow divided by the internal area of the tube), and k 1 the Darcian permeability. Table 2 .
Permeability values (k 1 ), experimental conditions, and the most relevant pore descriptors are specified in Table 2 . When the pore volume increases due to the solid loading reduction, there is less resistance to the airflow and permeability increases accordingly, Fig. 9 -A. Additionally, increasing pore volume increases the mean pore size, enhancing further this effect. . When the tubes are frozen using a constant solid loading and lower temperature, the total pore volume remains invariant and the pore size reduces, affecting the permeability. Interestingly, the sample frozen at higher temperature (-30
• C), pore size of 6.2 µm, and 52% porosity in Fig. 9 -B has a comparable permeability (and hence pressure drop) to the sample frozen at -80 • C, pore size 7.3 µm, and porosity 68% in Fig. 9 -A. This result emphasizes the importance of pore size over pore volume as the critical parameter to tailor permeability.
This observation is in agreement with the Hagen-Poiseuille equation that predicts a gas flow dependence (i.e. in a viscous flow) proportional to the pore volume compared with the square exhibited by pore size [37] . Finally, permeability can also be controlled by the volume of slurry initially poured into the mold ( Fig.   9-C) . When the volume of slurry decreases, the overall thickness of the tube decreases as well and the tube becomes more permeable due to the reduction of the pathway to evacuate the air.
Solids loading (wt.%) Porosity (%) Freezing Temperature ( Table 2 : Summary of the main experimental conditions and the effects on porosity, mean pore size (dp), and permeability (m 2 ).** mean pore size and * thickness of the tube not measured but considered equivalent to the sample frozen at -80 • C, 65% solids loading, and 20 ml of volume of slurry (V Slurry ).
Although, the external layer with finer and non-oriented porosity (referred here as transition zone) can facilitate the subsequent deposit of a dense coating [25] , it might also act as a bottle-neck and consequently enhance the pressure drop.
This effect can be observed in Fig. 10 where a permeability test was performed in a tube before and after sanding off the external surface. The tube had a P(%) of 45%, a mean pore size of 3 µm, and an overall thickness around 2 mm.
The specimen before the superficial treatment, and thus still with the transition zone, exhibited a higher pressure drop (i.e. lower k 1 ) compared with the sample after removing the superficial layer. The increase of permeability by a factor 6 highlights the role of this transition zone on permeability and draws the attention towards new hierarchical bilayared microstructures as the path to enhance the gas or liquid flow without an exaggerated increase in pressure drop. 
Conclusions
We developed a set-up to produce ice-templated tubes with accurate control of pore volume, pore size, and average thickness. Mechanical testing results showed a clear impact of pore volume and size on flexural strength, but results from radial crushing were inconclusive. The permeability of tubes was successfully characterized, and we observed a high dependence on pore size.
The formation of a hierarchical microstructure obtained with this set-up could be beneficial in applications that require an asymmetric configuration such as solid oxide fuel cells, oxygen transport membranes, or water filtration. The external layer with finer and non-oriented porosity can facilitate the deposit of a dense coating and also increase the electrochemical reaction sites, while the unidirectional lamellar porosity minimizes the energetic losses reducing the effective transport pathway.
